Assembly of the barley (Hordeum vulgare L.) genome is complicated by its large size (5.1 Gb) and proportion of repetitive elements (84%). This process is facilitated by high resolution maps for aligning bacterial artificial chromosome (BAC) contigs along chromosomes. Available genetic maps, however, do not provide accurate information on the physical position of a large portion of the genome located in recombination-poor regions. Radiation hybrid (RH) mapping is an alternative approach, which is based on radiation-induced deletions along the length of chromosomes. In this study, the first RH map for barley chromosome 3H was developed. In total, 373 in vivo RH lines were generated by irradiating wheat (Triticum aestivum L.)-barley chromosome 3H addition lines and crossing them to a normal wheat cultivar. Each RH informative line (containing deletions) had, on average, three deletions. The induced deletion size varied from 36.58 Kb to 576.00 Mb, with an average length of 52.42 Mb. This initial chromosome 3H radiation hybrid (3H-RH) map had a 9.53´ higher resolution than an analogous genetic map, reaching a maximum of >262.40´ resolution in regions around the centromere. The final RH map was 3066.1 cR in length, with a 0.76 Mb resolution. It was estimated that the map resolution can be improved to an average of 30.34 Kb by saturating the 3H-RH map with molecular markers. The generated RH panel enabled alignment of BAC and sequenced contigs as small as 1.50 Kb in size. The high resolution and the coverage of poor-recombination regions make RH maps an ideal resource for barley genome assembly, as well as other genetic studies.
B
arley (2n = 2x = 28) is ranked fourth in production among cereals and is cultivated on about 50 million hectares worldwide (FAO, 2013) . Compared to other cereals, barley is more tolerant to drought and salinity stress. Therefore, it is a main food source in countries with harsh environmental conditions (Nevo et al., 2012) . Due to the diploid genome and being selfpollinated, barley is a model plant for genetic studies of other Triticeae crops with complex genomes such as wheat (Triticum aestivum L. and T. turgidum L.) and rye (Secale cereale L.) (Gaut, 2002) . A complete sequence of the barley genome would reveal genetic networks underlying important traits and enable exploitation of the full potential of barley and related Triticeae crops in breeding programs. Despite concerted international efforts, complexity of the genome (5.1 Gb size with ~84% consisting of repetitive sequences [Mayer et al., 2012] ), preclude the complete genome assembly based on existing resources.
The current approach for barley genome assembly is to use high-resolution maps for ordering available BAC contigs (Mayer et al., 2012) . To date, numerous barley genetic maps have been developed (http://wheat.pw.usda. gov/ggpages/map_summary.html). Genetic maps are based on recombination between polymorphic DNA sequences represented as molecular markers. A limitation with genetic maps is the variation in recombination rates along the length of chromosomes; recombination frequency is almost zero in the centromeric regions and increases by approximately the square of the relative distance from the centromere (Künzel et al., 2000; Akhunov et al., 2003) . Thus, genetic maps do not reflect the actual physical distances of mapped loci. Substantial variation of the physical/genetic distance ratio is evident in the barley genome, ranging from 1.5 Mb/cM in the distal region to 89 Mb/cM in the pericentromeric region of chromosomes (Stephens et al., 2004) . Because of this variation, about one-third of the Triticeae genome, located in recombination-poor regions (Akhunov et al., 2003; Erayman et al., 2004 ) is difficult, if not impossible, to map. Due to this limitation, 1.2 Gb of barley contigs could not be aligned along barley chromosomes even with the use of saturated genetic map platform with close to one-half million markers (Mayer et al., 2012) .
To better estimate the physical locations of loci, deletion-bin maps (also known as gametocidal maps) have been generated. Introgression of an alien chromosome from Aegilops cylindrica to bread wheat containing a barley addition chromosome induces terminal deletions in the additional barley chromosome (Endo, 2007) . By assigning markers to induced deletion bins, deletion-bin maps of some barley chromosomes were generated (Serizawa et al., 2001; Masoudi-Nejad et al., 2005; Ashida et al., 2007; Sakai et al., 2009; Sakata et al., 2010; Joshi et al., 2011) . The drawback of deletion-bin maps is that the map resolution is poor due to the limited number of deletionbin lines. Moreover, the order of loci within a single bin cannot be determined.
Optical mapping is a platform for genome assemblies that relies on microscopic imaging of long stretches of DNA digested with restriction endonucleases and labeled with dye or fluorescents (for a review see Tang et al., 2015) . The optical mapping improved the length of scaffold in Medicago truncatula Gaertn. (Tang et al., 2014) , Prunus mume Siebold & Zucc., and Amborella trichopoda Baill. (Amborella Genome Project, 2013) by factors of 2 to 10. Optical mapping was recently used for assembly of 4.3 Gb of the barley genome (Schulman et al., 2015) . However, constructing the consensus optimal map could be prone to some errors (Valouev et al., 2006 ). An alternative approach is RH mapping, which can be developed at a low cost and within a short time frame. In this method, ionizing radiation (e.g., g rays) is used to induce deletions across the chromosomal length. The frequency of induced breakages between loci is used as a distance measure; markers that are physically close show fewer breakages than more distant markers. The frequency of breakages between all pairwise combinations of loci in a RH population is calculated to construct RH maps, with the map unit of centiRay (cR) (Womack et al., 1997) . The RH approach has three main advantages over genetic maps: (i) RH maps are more uniform, as the radiationinduced deletions occur throughout chromosomes; (ii) RH map resolution can be improved by inducing more deletions through increasing the radiation dosage; and (iii) both polymorphic and monomorphic markers can be applied to genotype an RH population (Kumar et al., 2014) .
The RH approach was first described by Goss and Harris (1975) by fusing irradiated human X chromosomes into rodent cells. Since then, RH methodology has been adapted to develop numerous maps of human (Hudson et al., 1995; Schuler et al., 1996; Stewart et al., 1997) and animal chromosomes (for review see Faraut et al., 2009 ). Due to the high resolution and uniformity, generated RH maps were successfully used for genome assembly in several sequencing projects (Lander et al., 2001; Gibbs et al., 2004; Lindblad-Toh et al., 2005) . In plants, available cytogenetic stocks of addition and substitution lines can accelerate RH population development by replacing the process of in vitro cell fusions. Using theses cytogenetic stocks, several RH maps were developed for maize (Zea mays L.) chromosome 1 (Kynast et al., 2004) , bread wheat chromosome 1D and 3B (Kalavacharla et al., 2006; Kumar et al., 2012a , Michalak de Jiménez et al., 2013 , and Aegilops tauschii Coss. chromosome 2D (Kumar et al., 2012b) . In barley, a whole-genome RH panel consisting of 40 in vitro RH lines was developed by fusing irradiated barley protoplast with tobacco (Nicotiana tabacum L.) cells (Wardrop et al., 2002) . However, due to the insufficient DNA quantity, generated lines were not genotyped for mapping the barley genome.
Despite the extensive application of RH technique in mapping animal genomes, this technique has been applied to only a few plant genomes. This could be due to the availability of established genetic mapping approaches in plants, and the fact that uniform and highly saturated genetic maps were not evident in plants until recently (Kumar et al., 2014) . Therefore, the majority of plant RH mapping studies are in preliminary stages. At the time of this study, the RH map of bread wheat chromosome 3B was the only high-resolution continuous RH map available in plants. The generated RH map was 1871.9 cR in length with a resolution of 0.53 Mb and had an overall 10-fold higher resolution and sixfold more uniformity than a similar quality genetic map (Kumar et al., 2012a) . The 3B-RH map was successfully used as a platform in genome assembly of the chromosome 3B (Paux et al., 2008) .
In this study, an in vivo RH population consisting of 373 lines was developed for barley chromosome 3H. After constructing an RH map, mapping efficiency was compared between the RH map and an analogous genetic map. The maximum RH map resolution that can be achieved across the chromosomal regions was then estimated. Finally, the utility of the RH map for genome assembly was confirmed by anchoring randomly picked barley contigs onto the generated RH map.
Materials and Methods

Radiation Hybrid Population Development
Chromosome addition lines of bread wheat cultivar Chinese Spring (CS), disomic for barley cultivar Betzes chromosome 3H (CS+3H²), developed by Islam et al. (1981) , were used in this study. Seeds of the chromosome addition lines were tempered via atmospheric hydration by placing them in an airtight vessel between open-top jars containing an aqueous glycerol solution (60% v/v) for 10 d, as described by Hossain et al. (2004) . Tempered seeds were then irradiated with g rays at three different levels (150, 250, and 350 Gy) using 150 seeds for each radiation treatment. Irradiated seeds were treated with Raxil MD (Bayer CropScience) fungicide (0.1´) and germinated in Petri dishes on moist filter paper. Germinating seeds were kept in a dark cold room (4°C) for 2 d, after which they were placed in room temperature (23°C) for 14 d. Germinating seedlings (RH 0 lines) were then planted in 96-well trays containing Sunshine Mix#1/LC1 (Sun Gro Horticulture) and transplanted in a greenhouse soil bed after 21 d. Survival rate was calculated as the percentage of germinated lines that survived under greenhouse conditions compared with 100% survival rate of control lines with no radiation treatment. The surviving RH 0 population (CS+3H"), 94 lines (47 lines from each 150 and 250 Gy radiation treatments) were crossed, as female, to normal CS (male parent) to generate RH 1 seeds. The resulting RH 1 seeds were planted in a greenhouse and constituted the RH 1 population. At each generation (RH 1 , RH 0 , and original wheat-barley addition seed stocks), presence of the 3H addition chromosome was confirmed using 10 3H chromosome-specific molecular markers distributed along the chromosome. These markers included five expressed sequence tags (ESTs) selected from a deletionbin map (Sakai et al., 2009 ) and five repeat-junction markers (RJMs) designed in this study based on the sequences of chromosome 3H contigs with known genetic positions (Sato et al., 2011; Mazaheri et al., 2014) .
Molecular Marker Design and Polymerase Chain Reaction Analysis
To analyze radiation-induced chromosome 3H deletions, 93 ESTs previously assigned to chromosome 3H using wheat-barley addition lines were used. In addition, 72 genome-specific RJMs were designed using RJPrimer software (http://probes. pw.usda.gov/RJPrimers/) from chromosome 3H contig sequences obtained from sequences installed on the barley contig viewer (http://150.46.168.145/gbrowse/). One wheat-specific molecular marker was applied in multiplex polymerase chain reactions (PCRs) along with each chromosome 3H specific marker to provide a positive control against lack of PCR amplifications. DNA from plant material was extracted at the four-leaf stage as described by Guidet et al. (1991) . Polymerase chain reactions was performed in 20 mL reactions containing 30 ng of DNA, 1´ PCR buffer, 1.5 mM of MgCl 2 , 250 µM of each dNTP, 250 µM of each primer, and 1.0 unit of Taq DNA polymerase. Touchdown PCR was performed as follows: 94°C for 4 min; five cycles of 94°C for 30 s, 65°C for 30 s, 72°C for 1 min, with the annealing temperature decreased by 1°C per cycle; 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min, followed by a final extension at 72°C for 7 min. The PCR products were separated using agarose (1.5% SeaKem LE Agarose, VWR) gel electrophoresis, 100 V for 50 min.
Characterizing the Radiation Hybrid Population
A total of 328 3H-RH lines were genotyped with 113 markers. Radiation hybrid lines were scored for the presence or absence of markers. Ambiguous bands were scored as missing data. The deletion frequency for each line was estimated by calculating the percentage of markers deleted out of a total of 113 tested. The retention frequency of each line was calculated by subtracting the deletion frequency of that line from 100. To characterize radiation-induced deletions and to generate a RH map, genotyping data of RH lines with a retention frequency >0 and <100 were used. The deletion frequency of each marker was estimated by calculating percentage of marker deletion across the population. The size of each deletion was estimated based on the physical positions of markers flanking that deletion. In the absence of markers with known physical positions, deletion size was estimated based on the RH positions of markers flanking deletions and converting the deletion RH distance to physical distance.
Developing the Radiation Hybrid Map
The RH map was generated by Carthagene 1.2.2 (de Givry et al., 2005) using data of 202 informative RH lines genotyped with 113 markers. Thirty-three EST markers with known physical or genetic positions (Sakai et al., 2009) were first mapped to generate a skeleton RH map. Remaining markers were then added to the anchored marker intervals using the buildfw function. This command developed all possible marker combinations within each interval and selected the best interval for each marker based on the highest logarithm of the odds (LOD) score. Markers assigned to intervals were then mapped by the same command. The generated map was improved using the greedy search, flips, genetic algorithm, annealing, and polish functions. Data from an additional 45 informative RH lines genotyped with 39 markers, out of the 113 markers, were integrated into the generated map to improve the developed RH map, using the dsmergen command.
Results
Chromosome 3H Radiation Hybrid Population Characterization
An in vivo 3H-RH population was developed by irradiating (g ray) seeds of CS+3H" (RH 0 ) and then crossing the RH 0 plants to normal CS. Three levels of g-ray treatments (150, 250, and 350 Gy) were used to determine the optimum radiation dosage that induces maximum deletions without severely damaging seed germination and plant development. Compared to 100% survival of nonirradiated plants, the survival rate decreased to 96.93 and 85.85% at 150 and 250 Gy, respectively. The survival rate dropped to 0.66% at 350 Gy (Fig. 1) . In the RH 0 generation (CS+3H²), the induced deletions might be masked by the homologous chromosome, thus, RH 0 lines were crossed to CS to separate chromosome 3H homologs. About half of the crossed progenies, totaling 373 seeds, germinated and constituted the 3H-RH population (CS+3H¢).
For genotyping the RH population, chromosome 3H-specific markers were required so that they do not interfere with the syntenous wheat background. With this in mind, we used EST markers specific for chromosome 3H and genome-specific RJMs, as described in the Materials and Methods section. A total of 164 markers were tested on the barley cultivar Betzes (positive control) and wheat cultivar CS (negative control) in PCR amplifications. In total, 113 markers produced amplicons from Betzes without amplifying any DNA fragments from CS. These markers were selected to characterize the RH population and generate the 3H-RH map. Selected markers consisted of 65 ESTs and 48 RJMs, among which 41 RJMs were designed from 22 contigs distributed across the chromosome 3H (Sato et al., 2011) .
The retention frequency value indicates the proportion of a chromosome that is retained after irradiation.
Retention frequency is presented on a scale from zero to one, with zero meaning no deletions and one indicating complete elimination of the chromosome. Based on retention frequency of the 3H-RH population, 27.13% of the RH lines lost the whole chromosome 3H, whereas 11.28% of the lines did not show any deletion on the chromosome. Loss of the whole chromosome 3H might be due to the deletion of a critical chromosomal region, such as the centromere, which prevented proper chromosome segregation. The RH lines showing no deletions either may not have any deletions or they may have smaller deletions, which could not be detected with the 113 markers used. The RH lines with the retention frequency of zero and one were excluded from further analysis for they did not provide any mapping information. The remaining 202 lines were designated as informative lines. The average chromosome 3H-retention frequency of informative lines was 0.91, ranging from 0.03 to 0.99. The majority of the RH population (59.11% of the RH population or 89.81% of informative lines) had the retention frequency of 0.90 to 0.99 (Fig. 2) . The retention frequency pattern observed in this study was similar to what was reported in bread wheat chromosome 3B-RH population (Kumar et al., 2012a) .
A single deletion was considered as the deletion of one marker or continuous deletion of markers located next to one another. Based on this assumption, each line had an average of three deletions, ranging from one to nine deletions across the chromosome 3H. The average deletion size was 52.42 Mb, which varied widely from 36.58 Kb, in the long-arm peritelomeric region, to 576.00 Mb spanning the long-arm and the short-arm pericentromeric region.
Deletion frequency (deletion percentage of a given marker across the RH population) was calculated to determine if the marker loss differs among chromosomal regions. The average marker loss among informative lines was 8.25%, which is in close agreement with earlier reported studies of bread wheat (Kumar et al., 2012a,b) . The average marker loss for EST and RJM markers was 10.23 and 5.46%, respectively. Marker loss was detected throughout the chromosome (Fig. 3) ; however, Chisquare test showed that the marker loss was significantly (p < 0.001) different among chromosomal regions. The average marker loss frequency of the long arm (11.69%) was 3.83-fold higher than that of the short arm (3.05%) (Fig. 3) . The marker loss frequency for individual markers within each arm was also significantly (p < 0.001) different. On the short arm, one segment around the centromere had a 5.3-fold higher marker loss frequency (16.19%) than the average marker loss frequency of the short arm (3.05%). The maximum marker loss was observed on the long arm in three segments: two segments in the peritelomeric region with 25.47 and 35.50% marker loss frequency and one segment around the centromere with 25.73% marker loss frequency.
Comparison of Chromosome 3H Radiation Hybrid Map with Genetic and Deletion-Bin Maps
Genotypic data from 33 ESTs previously mapped on genetic and deletion-bin maps (Sakai et al., 2009 ) were used to develop an initial skeleton RH map. The skeleton RH map was 1530.2 cR in length and the marker order was consistent with both genetic and deletion-bin maps (Fig. 4) . Two markers (k0892 and k03336) flanking the centromeric region on the deletion-bin map were used to distinguish chromosome arms on the RH and genetic maps.
The RH map separated all the markers that were previously mapped with undefined order within clusters (Fig. 4) . For example, four centromeric markers (k03504, k00892, k03336, and k03692) mapped to one locus on the genetic map were mapped to four separate positions on the RH skeleton map occupying an interval of 389.1 cR (280.4-669.5 cR). The largest cluster, containing seven markers (k00088, k00564, k00810, k00763, k00084, k01271, and k02148), in the distal region of the long arm on the deletionbin map, was resolved by the RH map into seven separate loci spanning a 241.3 cR interval (1025.6-1266.9 cR).
Map resolution of the skeleton RH map was compared with the analogous genetic map. Map resolution is defined as the minimum physical distance between two loci required for mapping them at separate positions (Kumar et al., 2012a) . The ratio of the physical length of a given region to the map length of that region can be used to compare resolution of different maps (Kumar et al., 2012a) , with a smaller ratio indicating higher resolution. Considering that chromosome 3H is 755 Mb in length (Mayer et al., 2011) , the overall resolution of the skeleton RH map was 0.49 Mb (755 Mb/1,530.2 cR), which was 9.53-fold higher than the 4.67 Mb (755 Mb/161.6 cM) genetic map resolution.
The resolution of RH and genetic maps were assessed in greater detail at different chromosomal regions by comparing the intervals of the 33 mapped markers. The ratio of RH distance/genetic distance (cR/cM) was used as a comparative indicator of resolution. This ratio was calculated for different chromosomal regions. We used the physical positions of markers mapped on the deletion-bin map (Fig. 4) to divide the chromosome into five chromosomal regions: short-arm telomeric, short-arm middle, centromeric, long-arm middle, and long-arm telomeric regions (Table 1 ). In the centromeric region, the RH map had a maximum of >262.40-fold higher resolution than the genetic map (Table 1 ). In the short-arm middle region, the RH map had the second highest resolution at 205.45-fold of the genetic map. In the corresponding region on the long arm (long-arm middle region), the RH map resolution was 5.61´ higher than the genetic map resolution. Resolution of the RH map was 3.34´ and 9.62´ higher than that of the genetic map in the telomeric region of the short arm and long arm, respectively.
Developing a Comprehensive Chromosome 3H Radiation Hybrid Map
Genotypic data of an additional 80 markers were integrated into the skeleton RH map, with the average LOD of 11.69. The final RH map consisted of 113 markers spanning 3066.1 cR in length (Fig. 5) . By dividing the chromosome physical length to the RH map length (755 Mb/3,066.1 cR), the physical length of 1 cR was estimated to be ~0.24 Mb.
Two markers flanking the centromeric region (k00892 and k03336) were located on the final RH map within a long interval of 232.9 cR (Fig. 5) . None of the markers used in this study were mapped within this interval. This result was expected for gene-based markers were used (ESTs and RJMs bearing ESTs), which have a low density in the centromeric region (Lehmensiek et al., 2009 ). Four markers (RJH15851/9, RJH608/5, k03410, and RJH747/1) were integrated into the initial RH map in a region around the centromere within the interval of k03504 on the short arm and k03692 on the long arm. These two markers, k03504 and k03692, were not separated on the genetic map (Fig. 4) , whereas they were mapped 544.8 cR (~131 Mb) apart from each other on the final RH map. The final 3H-RH map separated the other five marker clusters on the genetic map (Fig. 4) with RH distances ranging from 18.7 cR (~5 Mb) to 218.8 cR (~53 Mb). Resolution of the final RH map was calculated based on the average distance between induced obligated breaks (Kalavacharla et al., 2006 ). An obligate break for each RH line refers to a sequential presence and absence or absence and presence of two consecutive markers in a given map order (Kalavacharla et al., 2006) . In total, 989 obligate breaks were detected along the chromosome 3H using 113 markers. Based on the 755 Mb physical length of the chromosome 3H (Mayer et al., 2011) , the final 3H-RH map resolution was 0.76 Mb (755 Mb/989 obligate breaks). The number of obligate breaks on the long arm (756 breaks) was 3.24-fold higher than the short arm (233 breaks). Considering 336 and 419 Mb physical length of the short and long arm, respectively (Mayer et al., 2011) , the long arm had 2.6´ higher resolution (0.55 Mb = 419Mb/756 obligate breaks) than the short arm (1.44 Mb = 336 Mb/233 obligate breaks).
Radiation hybrid maps are based on the assumption that obligate breaks are distributed along the length of chromosomes. In this study, a large region around the centromere (~22% of the chromosome located within k00892-k03336 interval) showed fewer obligate breaks (5.04-fold less) than the rest of chromosome (data not shown). This could be due to the lack of markers in this region. We expect that using additional centromeric markers would increase the number of detected obligate breaks and ultimately further improve the overall map resolution. This assumption was confirmed when integrating four markers into the pericentromeric region (k03504-k03692 interval) of the initial RH map increased the number of detected obligate breaks from 108 breaks to 163 breaks within this region. Consequently, map resolution of the pericentromeric region improved by 1.17´ (data not shown).
To estimate the maximum obtainable RH map resolution, different regions of the RH map were saturated with molecular markers. For this purpose, six BAC contigs (with an average length of 40,179 bp) were anchored onto the RH map and selected based on their even distribution along each chromosome arm (Fig. 5) . From each contig, three markers were designed from the beginning, middle, and end sequences. Within each contig, the map resolution was calculated by taking the average distance between obligate breaks (Table 2 ). In five out of the six selected contigs, the map resolution ranged from 25.00 to 50.00 Kb, with one or two obligate breaks detected per contig. In the remaining one contig, seven obligate breaks were detected that resulted in a map resolution of 5.67 Kb within this contig. The average map resolution of the six contigs was 30.34 Kb. This level of resolution suggests that anchoring small contigs, with the average size as small as 30.34 Kb, onto the 3H-RH map would be possible. To further confirm this, three contigs with different lengths and unknown genetic position were picked from the barley contig viewer (http://150.46.168.145/gbrowse/) (Table  3) . Using the generated RH map, we were able to order one contig as small as 1.5 Kb. The two other contigs, with lengths of 10.22 and 22.95 Kb, were also ordered. 
Discussion
Uneven Deletion Frequency along the Chromosome
Preliminary analysis of plant RH panels suggested that induction of radiation-mediated deletions might be independent of chromosomal regions (Riera-Lizarazu et al., 2000; Kalavacharla et al., 2006; Kumar et al., 2012a) . Our data, however, showed that induced deletions are not evenly distributed along the barley chromosome 3H (Fig. 3) . For example, the marker loss frequency on chromosome 3H short arm (3.05%) was 3.83-fold less than the long arm (11.69%). A similar deletion pattern was observed in chicken chromosome 5 in which the deletion rate on short arm was 15% less than that of the long arm (Pitel et al., 2004) . The unequal deletion frequency was also reported in other animal genomes (Stewart et al., 1997; Kurar et al., 2003; Pitel et al., 2004) and wheat chromosome 1D and 7D (Kumar et al., 2012b) .
In general, the short arm of the chromosome 3H had smaller induced deletions than the long arm (data not shown). One reason for this observation could be that the short arm might be less condensed than the long arm. After inducing deletions, a DNA repair complex bridges two broken ends to fix the DNA breakage (Bleuyard et al., 2006) . It is hypothesized that the repair complex requires open chromatin regions to function, which leads to small deletions on open chromatin regions and large deletions on more compressed regions (Kumar et al., 2012a) . Assuming this hypothesis is true, the small deletions on the short arm might suggest that the short arm is less condensed than the long arm. We also found that the marker loss frequency was considerably high around the centromere and the long-arm telomeric region. The average marker loss frequency of these two regions was 25.72%, which was more than three times higher than the average marker loss for chromosome 3H (8.25%). With the aforementioned hypothesis in mind, the high marker loss frequency around the centromere could be explained by the compact chromatin structure in this region. However, the high rate of marker loss frequency in the long-arm telomeric region, which generally has a more relaxed chromatin structure, implies that factors other than the chromatin state may also affect the rate of induced deletions.
Radiation Hybrid Maps for Assembly of the Barley Genome
In this study, the first RH map of barley chromosome was generated. The marker order of the RH map was in total agreement with the marker order of genetic and deletion-bin maps developed by Sakai et al., 2009 (Fig. 4) , thus validating the accuracy of the generated RH map. The generated RH map was (i) more uniform and (ii) had a higher resolution than genetic maps.
High Uniformity of the Radiation Hybrid Map
Due to the lack of recombination in a large region around the centromere, the resolution of genetic maps fluctuates significantly throughout chromosomes. For example, the resolution calculated for genetic maps of wheat and barley deviated up to 60-and 30-fold along chromosomes, respectively (Stephens et al., 2004; Kumar et al., 2012a) . Therefore, genetic maps do not reflect the actual physical position of the mapped loci. In contrast to the recombination, radiation-mediated deletions are induced throughout chromosomes including the centromeric region (Cox et al., 1990; Stewart et al., 1997; RieraLizarazu et al., 2000; Kurar et al., 2003; Pitel et al., 2004; Kalavacharla et al., 2006; Kumar et al. (2012a) , which results in a relatively more uniform RH maps. In this study, induced deletions were detected along chromosome 3H (Fig. 3 ). An average of 10.51% marker loss frequency was detected in a region around the centromere (k03504-k03692 interval), where no recombination was identified by an earlier study (Sakai et al., 2009) .
Although the frequency of induced deletions could be different among chromosomal regions, RH maps are still more homogeneous than genetic maps (Kumar et al., 2014) . For example, the map resolution of a wheat RH map was six times more uniform than a genetic map of a similar quality (Kumar et al., 2012a) . In this study, the uniformity of the RH map was estimated by comparing the map resolution of several contigs distributed throughout the chromosome. Based on this estimation, the final RH map had a maximum of 5.35-fold deviation from the average map resolution (maximum resolution of 5.67 Kb within contig 30 compared with 30.34 Kb of the average contig-based map resolution [ Table 2 ]). This deviation was similar to the five-fold deviation reported in the wheat chromosome 3B-RH map (Kumar et al., 2012a) . Compared to the previous barley genetic map, which had a 60-fold resolution deviation from the average (Stephens et al., 2004) , the 3H-RH map improved the map uniformity by 11.21-fold and, therefore, is a more accurate representative of the physical chromosome.
High Resolution of the Radiation Hybrid Map
Comparing the initial RH map to a genetic map showed the RH map had an overall 9.53´ higher resolution, reaching to >262.40´ better resolution around the centromeric region (Table 1 ). This result was comparable with the wheat RH map resolution, which was overall 10.5-fold higher than a genetic map, with a maximum of 136´ higher resolution in the centromere (Kumar et al., 2012a) . The final RH map separated markers within the six clusters of the genetic map with RH distances ranging from 18.7 to 544.8 cR. Markers flanking the centromeric region (k00892 and k03336) were located 232.9 cR apart on the final RH map. We expect that the availability of centromeric markers and their integration into the 3H-RH map, would further saturate this region. Radiation induces a large number of chromosomal breakages. Increasing the number of mapped markers increases the detection of these deletions and consequently would improve the map resolution (Kumar et al., 2012b) . Mammalian genomic studies have shown that saturating an RH map improves the map resolution to <150 Kb (Park et al., 2008) . Using 40,322 markers in generating an RH map of the human genome resulted in a 94-Kb map resolution (Olivier et al., 2001 ). In the wheat chromosome 3B-RH map, a 90-Kb resolution was estimated based on a few contigs with known physical lengths (Kumar et al., 2012a) . In this study, by saturating six regions distributed throughout barley chromosome 3H, we estimated that a maximum of 30.34-Kb map resolution can be obtained. The high level of 3H-RH map resolution enabled us to anchor randomly selected contigs, as small as 1.50 Kb, onto the chromosome (Table 3 ). However, it should be considered that the 30.34-Kb map resolution was estimated based on few contigs and may not reflect the overall map resolution. Testing more contigs would provide a more definitive value of the maximum map resolution.
The 3H-RH map, due to the high map resolution and uniformity, can bridge the resolution gap between genetic and contig-based physical maps. The 3H-RH map can serve as a template for developing RH maps of the remaining barley chromosomes. Application of RH maps in combination with genetic and optical maps would facilitate filling the 25% gap of unassembled sequences within the barley genome.
Factors Involved in Improving Radiation Hybrid Mapping
Retention Frequency Radiation hybrid mapping relies on radiation-induced deletions and an appropriate marker platform for detecting those deletions. Improving either of these factors would result in a better map quality. The induced deletion level is represented by the retention frequency value. An average of 0.5 is the optimum retention frequency for obtaining high-quality RH maps (Jones, 2014) , although achieving this deletion frequency level is challenging. In animals, RH panel retention frequency is between 0.2 and 0.3 (Faraut et al., 2009) , while in plants it ranges from 0.7 to 0.9 (Riera-Lizarazu et al., 2000; Gao et al., 2004; Kumar et al., 2012a,b) . The high retention frequency of plant RH panels is because major parts of chromosomes are retained intact when developing in vivo populations. In other words, plants with a high deletion frequency most likely do not survive and are ultimately eliminated. The viable RH panels, however, offer an additional advantage of abundant DNA for genotyping. Also, the phenotypic effect of the deleted regions can be analyzed for detecting underlying genes (Hossain et al., 2004) . Furthermore, induced deletions can be retained in the next generation through seed increase.
Large mapping populations can be used to compensate for the high retention frequency of plant RH lines (Kumar et al., 2012b) . In this study, the RH population consisted of 202 informative RH lines, which was about three times larger than the RH population used for mapping wheat chromosome 3B with the same retention frequency (Kumar et al., 2012a) . Using this population resulted in about three-fold higher contig-based RH map resolution of barley chromosome 3H (30.34 Kb) than that of wheat chromosome 3B (90 Kb) (Kumar et al., 2012a) Applying high radiation dosage also improves plant RH maps by inducing more frequent deletions (Kumar et al., 2014) . The maximum applied radiation dosage must be determined for each genotype as different genotypes respond differently to radiation treatment. For example, at 350 Gy dosage the germination rate of a synthetic hexaploid wheat and CS was 70 (Kumar et al., 2012b) and 21% (Riera-Lizarazu et al., 2010) , respectively. The addition of disomic chromosome 3H made CS more vulnerable to radiation, reducing the germination rate to 0.66% at the same radiation dosage (Fig. 1) . In this study, 150 and 250 Gy doses were considered as the optimum radiation levels for irradiating CS+3H" addition seeds.
Surprisingly, increasing radiation dosage from 150 to 250 Gy decreased the marker loss frequency by 3.20% (from 10.26% marker loss frequency at the 150 Gy dosage to 7.06% at the 250 Gy dosage). Higher radiation dosage; however, increased the number of lines with deletions. Among lines with deletions, 70.84% were irradiated with 250 Gy dosage and 29.17% with 150 Gy dosage. Also, the 250 Gy dosage induced more small deletions than the 150 Gy dosage (data not shown). Thus, one could conclude that high radiation dosage induces more frequent but smaller deletions, which, due to their small size, remained undetected when screening with limited number of markers. It is also possible that high radiation dosage increased the frequency of not only smaller but also larger deletions. The larger deletions might lead to the plant death, and therefore were not detected. The 11.08% drop of survival rate of RH 0 lines from 150 to 250 Gy dosage (Fig. 1) can be an indication of a higher proportion of large lethal deletions induced by the 250 Gy dosage.
Marker Platform
Genetic map development is limited by the availability of polymorphic markers. Many markers, especially gene-based markers such as ESTs and candidate genes, are highly conserved among genotypes. For example, in developing a barley genetic map, about one-half of the 7700 barley ESTs were discarded due to a lack of polymorphism ). In contrast, RH mapping is not limited by marker polymorphism. Markers, however, need to be genome specific to distinguish between the chromosomes of interest and the host genome background. Considering the higher genotypic polymorphism among species than polymorphism levels of genotypes within single species, designing markers that are polymorphic between different species is more convenient. One approach for obtaining genomespecific markers is designing RJMs (Wanjugi et al., 2009; Mazaheri et al., 2014) . Despite the high level of synteny between wheat and barley (Cho et al., 2006) , 87.27% of tested RJMs designed from barley sequences did not amplify the wheat background in this study. Also, RJMs are abundant (~400,000 RJMs in the barley genome) and are distributed uniformly along barley chromosomes, covering both coding and noncoding regions . Genome specificity, abundance, and uniform distribution of RJMs make them an ideal marker platform for saturating the RH map.
